Thus, the presence of a Cht5 gene cluster appears to be unique to mosquito species and these 48 genes may have resulted from gene tandem duplications. 49
Introduction 72
Chitinases (EC.3.2.1.14) are enzymes responsible for hydrolyzing glycosidic bonds in 73 chitin and widely distributed in nature, including vertebrates, microorganism and even plants. insect Cht5s have a typical multidomain structural organization that includes a signal peptide, 102 a catalytic domain, a PEST-like linker region enriched in proline (P), glutamic acid (E), 103 serine (S) and threonine (T) that is heavily glycosylated, and a cysteine-rich chitin-binding 104 domain. The sizes of Cht5 enzymes range from 552 to 586 amino acid residues. The 105 transcripts of Cht5 are mainly detected in the epidermis and the gut, and its expression 106 increases during the molting process (Royer et al., 2002) . In Helicoverpa armigera, Cht5 is 107 also expressed in the fatbodies (Ahmad et al., 2003) . However, the expression of Cht5 has not 108 been reported in haemocytes from any insect species. In Manduca sexta, the transcript level 109 of Cht5 can be induced by 20-hydroxyecdysone, but it is suppressed by the juvenile hormone It is likely that Cht5 may be involved in chitin turnover associated with molting. In 114 Tribolium castaneum, RNA interference was performed to silence TcCht5. The insects that 115 6 were injected with double-stranded RNA (dsRNA) for TcCht5 exhibited a lethal phenotype 116 only at the pharate adult stage. At the time of death, some of the adult cuticle was visible 117 under the old pupal cuticle which was not shed, suggesting that TcCht5 is required for 118 pupal-adult molting (Zhu et al., 2008b) . All these results indicate that Cht5 is an essential 119 enzyme for insect growth and development. 120
Although insects have been known to have only a single Cht5 gene, our recent studies 121 have revealed a novel Cht5 gene cluster consisting of multiple chitinase-like genes in three 122 mosquito species. In this paper, we report: 1) identification of a cluster of five An. gambiae 123
Cht5-like genes (AgCht5-1, AgCht5-2, AgCht5-3, AgCht5-4 and AgCht5-5) and their 124 chromosomal localization, 2) characterizations of their gene models and developmental 125 expression patterns, and 3) the results of a comparative investigation on Cht5 gene clusters in 126 two other mosquito species including Aedes aegypti and Culex quinquefasciatus. This is the 127 first demonstration of gene duplication of this group of chitinase genes, which may be unique 128 to the mosquito lineage. 129
Materials and Methods 130 7
A bioinformatics search was conducted to identify different chitinase and 137 chitinase-like genes in the genome of An. gambiae. Based on the bioinformatics analysis, we 138 identified a chitinase 5-like gene (AgCht5) (accession no: XP_001237469.2) that has been 139 annotated as one encoding a large protein with five chitinase catalytic domains. Each 140 chitinase-coding domain of this gene was then searched against the An. gambiae EST 141 database. Individual EST clones obtained from the MR4 were sequenced. For the EST clones 142 missing the 3'-end sequences of AgCht5-1 and AgCht5-4, 3'-RACE PCR was performed to 143 obtain their full-length cDNA by using the SMART TM RACE cDNA Amplification Kit 144 (Clontech, Mountain View, CA). The primer sequences for 3'-RACE PCR are shown in 145 
Analysis of developmental stage-dependent gene expression patterns 157 8
The expression patterns of the five AgCht5 genes at different developmental stages 158 including eggs; first-, second-, third-and fourth-instar larvae; and adults of An. gambiae were 159 evaluated in the study. For more detailed developmental expression patterns, mosquito eggs 160 and pupae were collected at several time points for each developmental stage. Total RNA 161 was isolated using the Trizol reagent (Invitrogen) and treated with DNase I (Fermentas, Glen 162
Burnie, MD). The first-strand cDNA was synthesized using a First Strand cDNA Synthesis 163 Kit (Fermentas) according to the manufacturer's instructions. Beacon 7.0 software was used 164 for primer design and ribosomal protein S3 (Rps3) was used as an internal reference gene. 165
The primers used for expression analysis are shown in Table 1 . RT-PCR was carried out in a 166 25-μl reaction mixture containing 1 μl template cDNA, 12.5 μl Taq Master Mix (Fermentas), 167 0.2 μM of each primer and sterilized water. The thermal cycle program for RT-PCR consisted 168 of an initial denaturation at 94 º C for 1 min followed by 30 cycles of 94 º C for 30 s, 55 º C for 30 169 s and 72 º C for 45s, and a final extension at 72 º C for 5 min. PCR products were analyzed on a 170 2% agarose gel. Three biological replications (i.e., 3 independent preparations of total RNA), 171 each with three repeated PCR runs, were performed in this analysis. 172
Results 173

Full-length cDNAs and the deduced amino acid sequences of five AgCht5 genes 174
The conceptual translation of the An. gambiae gene model XP_001237469. AgCht5-4, and 19600449684410 for AgCht5-5) that were obtained from the MR4 failed to 9 provide evidence for a long transcript that bridges genomic sequences encoding adjacent 180 chitinase catalytic domains predicted by this gene model. Instead, we could detect sequences 181 that were presumed to be introns in this gene model at the 5'ends or 3'ends of the five 182 full-length chitinase cDNA sequences that we have characterized. 183
The additional sequences at the 3'-ends of these clones (which were not included in the 184 gene model XP_001237469.2) had stop codons and polyadenylation signal sequences and 185 short poly A tails. The additional sequences at the 5'-ends of the full-length cDNA clones 186 included start codons followed by signal peptide coding regions. The sequence data we 187 obtained from full-length cDNA clones are consistent with a gene model that replaces the 188 current XP_001237469.2 with five separate genes encoding five chitinases that differ in their 189 leader peptide as well as catalytic domain sequences. Each of the five cDNA sequences 190 contains a start codon (ATG) and a stop codon (TAA, TAG, or TGA) as well as a poly (A) 191 tail. Except for AgCht5-4 that lacks a typical polyadenylation signal sequence (AATAAA), 192 all the remaining four cDNAs contain such a signal sequence. These five chitinase-like genes 193 are denoted as AgCht5-1, AgCht5-2, AgCht5-3, AgCht5-4 and AgCht5-5. Their cDNA and 194 deduced amino acid sequences have been deposited in GenBank with the following accession 195 numbers: HQ456129 for AgCht5-1, HQ456130 for AgCht5-2, HQ456131 for AgCht5-3, 196 HQ456132 for AgCht5-4 and HQ456133 for Analysis of the genomic organization of the five AgCht5 genes showed that they form a 198 contiguous cluster of genes in chromosome 2R ( Fig. 1A , Table 2 ). The shortest distance 199 between two of these genes is only 340 bp, whereas the longest distance is 2045 bp. The 200 percent nucleotide sequence identities among the cDNAs of the five genes range from 52 to 201 10 66% (Table 3) . AgCht5-1 has four introns, AgCht5-2 and AgCht5-3 have two introns, 202
AgCht5-4 has only one intron, whereas AgCht5-5 has no introns ( Fig. 1B ). 203
The five AgCht5 genes were predicted to encode five chitinase-like proteins with sizes 204 ranging from 409 to 571 amino acid residues (Fig. 1C ). The identities of the amino acid 205 sequences among the five full-length deduced proteins range from 38 to 53% (Table 3 ). All 206 of the five putative chitinase proteins possess a catalytic domain, but only AgCht5-1 exhibits 207 a chitin-binding domain (Fig. 2) . The catalytic domain of each deduced protein is composed 208 of four motif sequences that are conserved among family 18 chitinases. All the five deduced 209 proteins were predicted to possess a signal peptide (Fig. 1C, Fig. 2 ). 210
To examine whether similar Cht5 gene clusters exist in other mosquito species, we 211 searched for Cht5-related genes in the genome databases of Ae. aegypti and C. 212 quinquefasciatus, and identified four AaCht5 and three CqCht5 genes, respectively. By 213 aligning the deduced amino acid sequences of all of the Cht5s from the three mosquito 214 species and other insect species, we assigned the names AaCht5-1, AaCht5-2, AaCht5-3 and 215
AaCht5-4 for those identified in Ae. aegypti, and CqCht5-1, CqCht5-2 and CqCht3 for those 216 identified in C. quinquefasciatus. Analysis of their domain architectures indicated that all the 217 deduced Cht5 proteins from the three mosquito species have a catalytic domain, but only the 218 first Cht5 protein in each species (i.e., AgCht5-1, AaCht5-1and CqCht5-1) contains a 219 chitin-binding domain (Fig. 3) . 220
Phylogenetic analysis of five deduced AgCht5 protein sequences 221
To explore the relationship among the insect Cht5s, a phylogenetic tree was constructed 222 based on the sequences of their catalytic domains. Results showed that all of the insect Cht5s 223 11 fall into two branches supported by a bootstrap value of 100 after 5000 replications ( Fig. 4) . 224
The first group represents the mosquito Cht5-1 and all other well characterized insect Cht5s 225 with chitinase activities, whereas the second group represents the remaining mosquito Cht5s. 226
Apparently, AgCht5-1, AaCht5-1 and CqCht5-1 from the three mosquito species are more 227 closely related and might represent mosquito orthologs of insect Cht5 enzymes. In contrast, 228 the mosquito Cht5-2, Cht5-3, Cht5-4 and Cht5-5 are clustered in another branch that may be 229 encoded by genes derived from an ancestral Cht5-1 by gene duplications. Cht5-2s from three 230 mosquito species close together with robust bootsrap value, suggest they are also orthologs. 231
Developmental stage-dependent expression patterns of five AgCht5 genes 232
The developmental stage-dependent expression patterns of different AgCht5 transcripts 233 were determined by RT-PCR. The levels of transcripts of the five AgCht5 genes were 234 apparently higher in third-and fourth-instars ( Fig. 5A ). Four genes including AgCht-1， 235
AgCht5-2, AgCht5-3 and AgCht5-5 were expressed at all developmental stages, whereas 236
AgCht5-4 was expressed mainly in third-and fourth-instar larvae with trace amounts of 237 transcripts detected in the eggs and first-instar larvae. Their detailed expression patterns were 238 further examined in eggs collected at 12, 24, 36, 48 and 60 h after deposition by blood-fed 239 females ( Fig. 5B ). High transcript levels were detected in 36-h eggs for all of the five 240
AgCht5s. However, no detectable expression was found for AgCht5-2 in 60-h eggs and for 241 AgCht5-5 in 12-h eggs. On the other hand, AgCht5-4 was scarcely detected in mature eggs. 242
Similarly, the expression patterns of the five different AgCht5 genes were also examined in 243 pupae collected at 0, 10, 20, 30 and 34 h after pupation ( Fig. 5C ). AgCht5-1 and AgCht5-3 244 were apparently expressed during all the pupal stage and exhibited similar expression patterns, 245 12 whereas AgCht5-2 and AgCht5-5 were mainly expressed in 0-and 10-h pupae. However, the 246 expression of AgCht5-4 appeared to gradually increase with pupal development from 0 to 34 247 h. Our further studies confirmed a similar clustering of Cht5 genes in other mosquito 281 species. Based on our genome search, we identified four Cht5-like genes in Ae. aegypti and 282 three in C. quinquefasciatus. By aligning these mosquito Cht5 proteins with other known 283 insect Cht5 proteins, we found that only one Cht5 catalytic domain (AgCht5-1, AaCht5-1 or 284
CqCht5-1) from each mosquito species was clustered with other domains from known insect 285
Cht5 proteins with a bootstrap value of 100 ( Fig. 4) , whereas the remaining Cht5s from these 286 three mosquito species were grouped into a different cluster. These results suggest that 287
AgCht5-1, AaCht5-1, CqCht5-1 and all other known insect Cht5s are orthologous genes, 288
whereas the remaining four AgCht5, three AaCht5 and two CqCht5 genes are paralogous to 289 14 AgCht5-1, AaCht5-1 and CqCht5-1, respectively. AgCht5-2, AaCht5-2, CqCht5-2 were 290 clustered together with high bootstrap value, and represented similar domain architecture 291 ( Fig.3 ), suggesting that Cht5-2s from three mosquito species may be also orthologous genes. 292
The absence of paralogs of Cht5 genes in D. melanogaster and T. castaneum suggests that 293 amplification of this subgroup of chitinase genes is of recent origin. 294
The catalytic and chitin-binding domains are two important structural components of 295 chitinases. Sequence motif analysis showed that all mosquito Cht5 proteins possess a 296 catalytic domain, but only three of the proteins, AgCht5-1, AaCht5-1 and CqCht5-1, contain 297 the signature sequence DWEYP within conserved region II, which is known to be located in 298 or near the catalytic site of the enzyme. The third residue E is crucial for a chitinase being 299 catalytically active because it probably serves as a proton donor in the catalytic mechanism 300 471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500 AgCht5-1-F TTCCGGCTACAAGGACTTTG 188
AgCht5-1-R TCGGGCTTTCGATCAGTTTC
AgCht5-3-R TGCGTATATGCCACCCAATC
AgCht5-4-F TTCGCCAACCTGAAGAAGAC 146
AgCht5-4-R TGGAGGAACTCAATCACACTG
AgCht5-5-F TTCATCGGCAGCGTGATC 197
AgCht5-5-R TCGACCGGCACCTGTATC AgCht5-1-
3'RACE-N1 ACGAGGACGAACGGTCGCTCCAGCAC 900
AgCht5-1-
3'RACE-N2 TGGACGATTTCCACGGTCTTTGCGGGCCG 780
AgCht5-4-
3'RACE-N1 ACTAGCAAACAGCGAGGAGCATGGACTG 680
AgCht5-4-3'RACE-N2 ACCGAAATGCAGCAGTCCGGCTGGGAG 520 27 
